Objectives: Growing evidence suggests that children who are deaf and use cochlear implants (CIs) can communicate effectively using spoken language. Research has reported that age of implantation and length of experience with the CI play an important role in a predicting a child's linguistic development. In recent years, the increase in the number of children receiving bilateral CIs (BiCIs) has led to interest in new variables that may also influence the development of hearing, speech, and language abilities, such as length of bilateral listening experience and the length of time between the implantation of the two CIs. One goal of the present study was to determine how a cohort of children with BiCIs performed on standardized measures of language and nonverbal cognition. This study examined the relationship between performance on language and nonverbal intelligence quotient (IQ) tests and the ages at implantation of the first CI and second CI. This study also examined whether early bilateral activation is related to better language scores.
INTRODUCTION
Children who are deaf and experience severe or profound sensorineural hearing loss (SNHL) at birth or early in life demonstrate an inability to access the acoustic and phonetic cues that occur in speech. As a result, these children typically experience delayed and disordered development of spoken language (e.g., Yoshinaga-Itano et al. 1998) . Over the past two decades, increases in newborn hearing screenings and loosening candidacy criteria have resulted in greater numbers of infants and young children with SNHL receiving cochlear implants (CIs). CIs are surgically implantable devices that provide deaf individuals access to auditory information by converting acoustic waves into electrical signals that directly stimulate the auditory nerve. With experience, the brain learns to interpret the signal; however, it is well known that the signal delivered to the auditory nerve is spectrally degraded relative to the acoustic input. Despite this issue, advancing CI technology effectively facilitates the development of oral language in most deaf individuals.
An essential part of the evaluation of CI benefit is the improvement in language skills with CI users relative to hearing aid users with similar degrees of hearing loss (Fink et al. 2007) . It is well documented that early unilateral implantation is highly correlated with improvements in language development when compared with improvements in children who receive CIs later in childhood (e.g., Kirk et al. 2002) . Children with unilateral CIs have been shown to improve on both receptive and expressive language skills as they grow older and gain more listening experience (Hay-McCutcheon et al. 2008) . Using a developmental trajectory analysis it has also been shown that a group of children who were implanted before 12 months of age performed better on a speech perception task than a group of children implanted between 13 and 36 months, suggesting that there is a clear advantage for early implantation (Tajudeen et al. 2010) .
Many children who are implanted with a CI develop language skills that enable them to communicate verbally and to function in mainstream environments along with their normally hearing peers . The development of language skills in CI users compared with that of typically developing, normal-hearing (NH) age-matched peers has been a topic of great interest. Thus, studies often tend to compare performance in CI users and NH peers on standardized measures, usually normed on typically developing NH populations. Whereas children implanted at 3 years of age or older have been more likely to show language delays on standardized tests relative to their NH peers, children implanted at a younger age are more likely to perform at a level that is closer to the age-matched NH peers (i.e., Houston & Miyamoto 2010; Colleti et al. 2011) . It 388 HESS ET AL. / EAR & HEARING, VOL. 35, NO. 4, [387] [388] [389] [390] [391] [392] [393] [394] [395] is important to note that speech and language skills assessed by standardized tests are not uniform across the hearingimpaired population, and in fact, large individual variability is typically observed (e.g., Sarant et al. 2001; Hayes et al. 2009; Niparko et al. 2010 ).
An additional area of focus on this population has been that of cognitive development, in particular in deaf children with and without CIs, where measures are typically made using nonverbal tasks designed to minimize linguistic demands. Geers and colleagues have shown that performance on nonverbal intelligence quotient (IQ) measures predicts significant variance in speech perception, production, and language (e.g., Geers et al. 2003; Tobey et al. 2003; Geers 2006) . The majority of studies that have investigated nonverbal intelligence in children with CIs (without any other developmental disabilities) report performance within normal limits regardless of variables such as Length of first CI Use or age of implantation (e.g., Niparko et al. 2010 ). However, Colleti et al. (2011) found that on three subtests of a nonverbal intelligence test, children who were implanted before 12 months of age performed significantly better than children who were implanted between 24 and 35 months. They hypothesized that early auditory stimulation may contribute to the development of higher cognitive functions, perhaps due to improved ability to multisensory augmentation of the ability to understand the relationship between stimuli. Similar to language outcome measures, the results from nonverbal IQ tests show wide variability in this population.
The initial success observed by many CI users in the areas of spoken language and cognition was based on tests conducted in quiet listening situations, however, there has been increasing interest in investigating the ability of CI users to function in noisy, complex auditory environments. Growing evidence suggests that unilateral CI (UCI) users generally perform poorly when listening to speech in noise, and that bilateral CIs (BiCIs) can provide a benefit for many children. For example, Litovsky et al. (2006) and Mok et al. (2010) demonstrated that children who are fitted with BiCIs exhibit better speech perception in noise when tested in spatially separated conditions than children who use a bimodal condition of UCI plus a hearing aid in the opposite ear. In fact, it has become increasingly more common for young children and infants to receive BiCIs, in an effort to provide better speech understanding in noise and spatial hearing skills (for review see Litovsky 2011; Litovsky et al. 2012) .
There is growing evidence to suggest that BiCIs can, in many children, lead to improved performance on spatial hearing tasks (e.g., Litovsky et al. 2004 Litovsky et al. , 2006 Godar & Litovsky 2010; Grieco-Calub & Litovsky 2010 van Deun et al. 2010) . However, there continues to be a gap in performance relative to age-matched peers with NH. For example, children with BiCIs who are mainstreamed in age-appropriate grade levels perform significantly worse than their NH peers on speech-in-noise segregation (Misurelli & Litovsky 2012) . Furthermore, subjective measures, such as questionnaires and parental reports designed to evaluate "ease of listening" situations suggest that children with BiCIs receive higher scores than children with UCIs (Winkler et al. 2002; Tait et al. 2010) .
While the benefits of BiCIs for spatial hearing are becoming more evident, our understanding of speech and language skills in this growing population is generally limited. One study reported a higher incidence of transitioning from total communication to auditory-oral communication after 18 months of bilateral implant use in children receiving their second CI before 6 years of age (Scherf et al. 2007 ). Another study measured language scores in 25 Dutch-speaking children who received either sequential or simultaneous BiCIs before 5 years of age. They found a negative correlation between language scores and the interval of time between the first and second implant (Boons et al. 2012) . Nonetheless, it remains unclear as to whether oral communication abilities are further promoted through the use of a second CI. Given that auditory signals in each CI are relatively degraded, having access to sound in both ears might provide children with multiple "looks" at the auditory signal, perhaps leading to speech information being clearer or more easily intelligible.
The question of whether two CIs aid in speech and language acquisition may have significant clinical implications. Parents of children born with profound hearing loss who decide to pursue cochlear implantation typically seek guidance regarding ideal time of implantation and potential benefits of BiCIs. Decision making regarding whether or not to implant a child with a second CI may be influenced by findings showing that the development of speech and language is different in a cohort of bilaterally implanted children relative to unilaterally implanted children.
The purpose of the present study was twofold. First, we aimed to investigate receptive and expressive language abilities, as well as nonverbal intelligence, in a relatively large group of children all of whom were bilaterally implanted. We were specifically interested in whether these children's performance was within the range of scores reported in the literature for age-matched typically developing peers. In Table 1 we summarize published findings on language skills that include performance of children with UCI or BiCI Geers & Nicholas 2013; Holt et al. 2013; Tobey et al. 2013 ). These studies were selected due to their relatively large sample sizes. Notably, each study used different inclusionary criteria regarding the age of testing, age of implantation, and amount of listening experience at time of testing. As shown in Table 1 , nonverbal tests of intelligence from three studies Geers & Nicholas 2013; Tobey et al. 2013) show mean scores that are within normal limits. However, mean language scores are more variable and are, on average, 1 SD below the mean for the normed populations. The only exception to this is children with a mean age of 10.5 years in one study (Geers & Nicholas 2013) . Authors of these four studies conclude that, despite large variability, earlier age of implantation and increased listening experience with CIs result in higher language scores for most children.
The goal of the present study was to focus on measures of nonverbal intelligence and language outcomes in a cohort of children who were selected because they all received their first CI by age 3;6 and were bilaterally implanted by age 7;0. The purpose was not to directly compare with prior studies, because data for children with UCI and BiCI were not treated separately. Rather, here we focus on a cohort of children with BiCIs, who are educated in mainstream oral communication settings, who do not have any other impairments, and whose mothers have an average of 16.6 years of education. Measures of nonverbal IQ showed that these children scored within or above the range of scores seen in the normed typically developing population. Thus, we sought to evaluate their language outcomes for expressive and receptive language skills. To the extent that this cohort of children with BiCIs show a trend toward higher scores, this would provide an indication that the criteria used for recruitment into our study focused on factors that may maximize language outcomes.
The second goal of this study was to focus more closely within the cohort of children studied regarding the potential role of two factors, Length of first CI Use and Length of second CI Use, in predicting cognitive and linguistic development. Given the relatively narrow range of age at activation of the first CI in our sample, this factor was not predicted to be a strong variable for language outcomes. However, the Length of second CI Use was predicted to be associated with better performance, in particular on receptive language skills, which may depend on access to clearer speech as discussed earlier. Beyond the inherent scientific interest, there is clear clinical relevance, as caregivers and clinicians attempt to make informed decisions about intervention strategies for children who are deaf.
PARTICIPANTS AND METHODS

Participants
Participants consisted of 4-to 9-year-old children (n = 39, mean age 5;9) with varying amounts of bilateral listening experience. Inclusion criteria required that participants should be native English speakers and have no reported developmental disabilities. In addition, age at implantation of the CIs was to be no later than age 3;6 years for the first CI and 7;0 years for the second CI. Finally, participants were to have at least 1 year of listening experience with their first CI (see Tables 2 and 3 for detailed information) and their primary mode of communication was to be oral. All children were either mainstreamed in school or enrolled in a school for children who have hearing loss with auditory (oral) communication. Device manufacturer was not a controlled variable in this study, as children with any device type were recruited based on the aforementioned criteria; device types for each child are shown in Table 3 . Each child's audiologist completed CI programming during regularly scheduled appointments. As is common clinical protocol for BiCIs, each ear was programmed independently. During testing, the setting most used in everyday listening by the children, as indicated by parent report and audiologist recommendation, was the one used for all aspects of data collection.
The linguistic and cognitive data presented here are part of a prospective, longitudinal study in which participants were recruited from across the United States by referrals from their audiologists, surgeons, or were self-referred, and came to Madison, Wisconsin, to participate in a battery of tests. This type of recruitment may have led to biased sampling because the families who enrolled in the study were highly motivated and often traveled long distances to participate in research. Children typically completed 2 to 3 days of testing during which they participated in various tasks that included left/right discrimination, speech in noise, and sound source identification, as well as a standardized language and cognition assessment. Here we present results from each child's first visit to our lab.
Outcome Measures
Participants were tested with the Leiter International Performance Scale-Revised (Leiter-R; Roid & Miller 1997) and the Test of Language Development-Primary 4th Edition (TOLD-P:4; Newcomer & Hammill 2008) . Testing was administered by a trained experimenter, and conducted in a quiet carpeted room. The Leiter-R test battery was used to evaluate the nonverbal intelligence and memory abilities of the participants. Six subtests from the Visualization and Reasoning, and Attention and Memory batteries were administered, including repeated patterns, figure-ground, form completion, and sequential order subtests to assess the child's visualization, and the associative pairs and forward memory subtests to assess memory. Performance on these tests yields standard scores for Leiter-R IQ and Memory Screening.
Six subtests administered from the TOLD-P:4 included picture vocabulary, relational vocabulary, oral language, syntactic understanding, sentence imitation, and morphological completion, and yielded standard scores for receptive and expressive language. Standard scores were calculated for each composite and the overall core language score. The use of standardized scores allowed us to control for chronological age and to compare performance of the children with BiCIs with performance of the normative sample of hearing peers. For each participant, total testing time was approximately 90 to 120 minutes for each test, depending on breaks.
Predictor Variables
Two variables inherent to each child at time of testing were targeted as potentially important in predicting linguistic and cognitive development. All information was provided by the parents, and if necessary, confirmed by the children's audiologist. The first variable was Length of first CI Use, operationally defined as the amount of time that the listener had been unilaterally exposed to sound and was defined as length of listening experience since activation of the first CI. The second variable, Length of second CI Use was defined as the amount of time that each child had been listening with two CIs at the time of testing. All children in the study were congenitally deaf (n=39) so their Length of first CI Use and Length of second CI Use were calculated by subtracting the date of activation for each CI from the date of their testing session at the Binaural Hearing and Speech Lab. Table 4 displays the mean standard scores on the outcome measures obtained from the Leiter-R and the TOLD-P;4 for the 39 participants tested in this study. Figure 1 shows histograms of the Leiter-R Brief IQ scores (A) and Core Language scores (B) for the same children. Performance is shown relative to the mean (±1 SD) of mean scores reported for the population of typically developing, NH peers. These normed values correspond to a standard score of 100 (solid vertical line) and standard deviation of ±15 (dotted vertical lines), or percentiles ranging from 15th to 85th. All 39 participants in the present study had Leiter-R Brief IQ scores within or above 1 SD of the NH population (21 of 39 were within 1 SD, and 18 of 39 were above 1 SD from the mean). Core Language scores were distributed differently: 23 of 39 fell within 1 SD from the mean, 14 of 39 were below 1 SD from the mean, and 2 of 39 were above 1 SD from the mean. Figures 2 through 4 show results from simple linear regressions for Core Language scores, where the variability in performance can be observed. Figure 2 shows results as a function of Age of Implantation for CI1. A negative nonsignificant correlation (r 2 =0.004; p=0.69) between age of implantation of CI1 and Core Language scores was observed. The lack of effect is likely due to the relatively tight clustering of the age of activation of the first CI in our sample, with heavy clustering between 12 and 24 months of age. An additional analysis was conducted by subdividing the participants into groups according to whether they received the first CI before or after 18 months of age. A t test revealed a nonsignificant age of implantation effect (t[38] = 0.507, p > 0.07); however, there was a trend toward higher Core Language scores for children who received their first CI before 18 months. Figure 3 shows the Core Language scores as a function of Length of first CI Use, whereby more experience with the first CI is weakly, but again not significantly related to higher Core Language scores (r 2 =0.060; p=0.133). Figure 4 shows the Core Language scores as a function of Length of second CI Use, whereby more experience listening with bilateral stimulation is not significantly related to Core Language scores (r 2 =0.025; p=0.338). To evaluate the extent to which Length of second CI Use may have contributed to children's performance on these tests, over and above Length of first CI Use, hierarchical regression analyses were conducted. Standardized regression coefficients and R 2 values for each regression are presented in Table 5 . The multiple regression analysis of participants' standardized scores showed that Length of first CI Use did not significantly predict the Speaking Composite (p = 0.08), Core Language (p = 0.129), and Listening Composite (p = 0.305) measures obtained from the TOLD-P;4. The independent effects of BiCI experience on each of the three language measures did not significantly predict performance (all p > 0.05) over and above effects of Length of first CI Use. These findings suggest that, in this cohort of children with BiCIs, the use of a second CI does not significantly impact overall language scores. 
RESULTS
DISCUSSION
This study was one of the first, and the most comprehensive study, in which expressive and receptive language outcomes are shown for a cohort of children with BiCIs. The results provided here suggest three major findings. First, on measures of nonverbal cognition, all 39 children performed within or above age-level expectation. Second, on measures of core language, 25 of 39 children (64%) scored within or above age expectations.
Despite significant variability in the group, children with BiCIs tested here are high performers on measures of nonverbal cognition. Svirsky et al. (2004) found that children implanted with one CI before 3 years of age can acquire both language and cognitive skills close to those of NH children. Our results showed that many children in the sample, whether implanted with their first CI before or after 18 months, achieved similar language skills as their NH peers. These results also corroborate the results from Wie (2010) , who found children with BiCIs showed positive associations between early implantation (between 5 and 18 months) and expressive and receptive language scores at follow-up testing 3 to 12 months postactivation, but diminished, nonsignificant age of implantation effects after 36 months of BiCI use. It is important to emphasize the fact that, while results from the present study, as well as other studies that use standardized measures, show overlap in outcomes between early implanted children and normally hearing peers, these measures cannot be taken to further demonstrate that the CI users have "normal language." The results can only be interpreted to mean that the children have age-appropriate skills as measured by the standardized language measures. For example, Todd et al. (2011) showed that productions of phonemes by children with CIs had less contrast than those of NH children of the same chronological age, and NH children with the same duration of auditory experience. The authors concluded that reduced contrast may explain in part why the speech of children with CIs is less intelligible than that of their peers with NH.
The third major finding, that Length of first CI Use accounts for more of the variance in language score performance than Length of second CI use, is consistent with previous research showing that increased exposure to auditory stimulation leads to increased expressive and receptive language development (Niparko et al. 2010) . The prediction that receptive language, or the Listening Composite score, would be more influenced by the Length of second CI Use than expressive language, or the Speaking Composite score, was verified as Length of second CI Use accounted for 3.3% of the variance in Listening Composite scores over and above Length of first CI Use as compared with the 0.4% accounted for by the Speaking Composite score. One possible explanation for this finding is that children with CIs often receive speech and language therapy focusing on listening and auditory development as soon as their CI is activated. They are often explicitly taught to listen, and in this cohort of children tested, their receptive language scores are considerably higher than their spoken language scores. Another possible explanation is that children with BiCIs are on a delayed developmental trajectory in terms of auditory development; receptive language comes in first and with more experience it could be expected that these children will start to look more similarly to NH peers. This theory is supported by the differences in standard deviations between the Speaking and Listening Composite measures.
Similar to findings in the study by Hayes et al. (2009), we may not have captured the increase in receptive language skills by testing children more than a year after they received their CIs. It is likely of course that other factors account for additional variability, including factors inherent to the subjects, clinical interventions, and environmental factors. A study with a much larger sample size and greater variation on these factors might shed light on these particular issues.
There are two important caveats to raise concerning results from the present study. The first is that our participants are not a representative sample of all children with BiCIs. Most of the families of these children were able and willing to travel from outside the state to participate in this study. While this motivation to participate in our research study cannot be objectively quantified, anecdotal reports from parents and caregivers indicate that many of these adults exercise a high level of motivation when implementing family-based therapy strategies designed to promote both listening and spoken language skills in their child. Because of this, the sample of BiCI users in this study likely oversamples children whose home situation promotes an environment that facilitates auditory habilitation. If this is the case, the wide range of linguistic performance paired with the relatively small range of nonverbal IQ scores of these children who use BiCIs underscores the importance of considering multiple factors that likely contribute to overall performance. Some of the other factors that might be associated with the results of this study include communication mode, familial support, type and frequency of auditory habilitation, and educational placement (Geers 2006) . Evolution of CI technology and device adjustments (e.g., number of electrodes activated, accuracy of the mapping) have also been cited as sources of variability (Geers et al. 2007 ). None of the abovementioned factors were controlled for in this study. Therefore, the generalizability of the results is unclear as the BiCI participants were self-selected and motivated to participate in this research.
The second caveat is the absence of control groups of children with unilateral CIs or children with profound SNHL who are not fitted with CIs. The presence of such control groups could potentially provide a more definitive exploration of the efficacy of bilateral cochlear implantation relative to other groups of children. In addition, due to the cross-sectional nature of the study, baseline measure of preimplantation performance on the standardized measures across subjects that could provide an estimate of effects that might be augmented by addition of a second ear is lacking. A recent study by Boons et al. (2012) , where 25 children with UCIs were matched to 25 children with BiCIs, found that spoken language expression and comprehension scores were significantly better in the children who received simultaneous BiCIs. One of the strengths of that study was the controlled match between the UCI and BiCI groups for age at first CI, HA at time of testing, sex, and cause of deafness. All the participants in that study received their first CI by 2 years of age, and testing was conducted starting 3 years after the first implantation. It is possible that in the sample of BiCI children reported here, the variability and relatively large range of listening experience with both one and two CIs at the time of testing may have obfuscated or diluted any significant findings. Hayes et al. (2009) reported that in the first year after implantation, receptive vocabulary in children with UCIs improved at a rate greater than a year's worth of progress typically seen in normally hearing peers, but that this growth tapered off and plateaued over time. While these results were reported for children with UCIs, it could be the case that in the BiCI cohort tested in this study, we did not observe any effects of Length of second CI Use over and above that of Length of first CI Use because the rate of improvement had tapered off by the time they were tested. These data are part of a prospective, longitudinal study that will allow for further analysis and tracking of development with BiCIs across annual visits in which the same language measures are collected.
Despite the noted limitations, results from this study have significant implications for children with BiCIs. In clinical treatment of children who are deaf and who receive BiCIs, factors related to language development should be considered carefully in combination with knowledge regarding costs, risks, auditory skill development, and social and emotional outcomes. Given that the TOLD-P;4 only assesses aspects of language at the word or sentence level (rather than connected discourse level) and taps "off-line" language processes, these findings emphasize the need to develop more sensitive "online" language-processing measures that might reveal some subtle speed of processing deficits, monitor the benefit of amplification in supporting spoken language and acquisition of listening skills, and guide intervention in children with BiCIs. For example, Grieco-Calub et al. (2009) used eye-gaze measures to study word recognition in toddlers, and found that CI users not only are less accurate than NH agematched peers, but their responses are slower too. In addition, identifying the predictors that contribute to the high variability in both expressive and receptive language development in BiCI users will provide useful information. As increasingly more infants receive bilateral CIs at younger ages, it will be important to identify potential benefits for language acquisition and language processing in these children at younger ages. Further research will be done to compare our bilateral cohort with a unilateral cohort and to monitor the linguistic development of the children in this study longitudinally so that both group-and individual-growth curves can be established.
